The utilisation of recycled concrete aggregate (RCA) in Self-Compacting Concrete (SCC) has the potential to reduce both the environmental impact and financial cost associated with this increasingly popular concrete type. However, to date limited research exists exploring the use of coarse RCA in SCC. The work presented in this paper seeks to build on the existing knowledge in this area by examining the workability, strength, and fracture properties of SCCs containing 0%, 25%, 50%, 75%, and 100% coarse RCA. The experimental programme indicated that at RCA utilisation levels of 25% to 50% little or no negative impact was observed for strength, workability, or fracture properties, with the exception of a slight reduction in Young's modulus.
Introduction
The importance of establishing the suitability of recycled aggregates has increased in recent years against the backdrop of a growing emphasis on sustainable building practices. As pointed out by Padmini et al. [1] , the rate of building demolition is constantly increasing, making it essential to effectively reuse demolition waste to conserve nonrenewable natural resources. At present a large portion of potentially useful construction and demolition waste is disposed of in landfill sites, creating environmental problems due to scarcity of such sites, unplanned disposal, and environmental cost of transporting demolition waste [2] . The use of coarse recycled concrete aggregates (RCAs) as a replacement for natural coarse aggregates in concrete offers a sustainable solution to these problems. However, the use of RCA may potentially reduce concrete quality as coarse RCAs are generally of poorer quality than natural coarse aggregates, with greater water absorption [3, 4] and lower density [5] . This reduced quality is due to the fact that coarse RCA consists of both original aggregate and adhered mortar; thus the quality of the RCA depends not only on the original aggregate, but also on the quality and quantity of adhered mortar. The use of RCA also affects the characteristics of the interfacial transition zones between aggregates and cement paste [6] , which in turn affects the strength characteristics of concrete containing RCA. When considering the mechanical properties of concrete with RCA, most of the previous researches confirmed that the reduction in stiffness (i.e., elastic modulus) is higher than the reduction in strength [7] [8] [9] [10] .
Another important consideration is the possible reduction in workability of concretes incorporating coarse RCA, due to the increased angularity and surface roughness of RCA when compared to natural coarse aggregates [1, 4] . This is of particular importance for the increasingly popular form of concrete known as Self-Compacting Concrete (SCC) [11] . The Eurocode [12] defines SCC as concrete that is able to flow and compact under its own weight, fill formwork with its reinforcement, duct box houses, and so forth, whilst maintaining homogeneity. It is a relatively recent form of concrete construction having been developed in Japan in the mid1980s and introduced in Europe in the mid-1990s. Despite its recent development, SCC is now widely used in industry due to the advantages of SCC which include increased on-site productivity, enhanced construction quality, and improved working conditions on-site [13, 14] . However, as pointed out 2 Advances in Materials Science and Engineering by Tuyan et al. [3] , the cost of SCC is higher than traditional vibrated concretes due to the need for higher powder contents and chemical admixtures in SCC. Thus in order to allow SCC to reach its full potential in terms of industry uptake it is necessary to develop ways of making SCC more costeffective. The use of coarse RCA as substitutes for coarse natural aggregates in SCC offers a means of reducing the cost of SCC, while reducing the carbon footprint of concrete production. Consequently, there are both business case and an environmental obligation to explore the use of RCA in SCCs.
This paper examines the use of varying proportions of coarse RCA in SCC. The work presented herein builds on the existing body of literature by examining the fresh concrete properties of SCCs containing RCA. This is an important area which has been examined by a number of researchers in recent years including [3-5, 15, 16] . The primary contribution of this paper, however, lies in the examination of the hardened properties of SCCs containing various levels of RCA and, most importantly, the examination of the fracture properties of SCC containing RCA. It is recognized that the fracture properties of concrete constitute fundamental characteristics in design and safety assessment of structures, especially large-scale structures [17, 18] . As pointed out by Bordelon et al. [19] , examination of compressive strength and tensile strength alone does not give a complete picture of structural performance due to the interaction of the material behaviour, preexisting cracks, and geometry of the structure. Bordelon et al. [19] thus stated that the concrete fracture properties can provide greater insight into the potential load carrying capacity of the material in a given structural system. These fracture properties are heavily dependent on the components in the mixture [17] , with fracture energy depending largely on the quality of the ITZ and the properties of the coarse aggregate [20] . Thus utilisation of coarse RCA as a replacement for natural coarse aggregate may have a notable influence on concrete fracture energy. As stated by Butler et al. [20] however, there are very few studies which examine the fracture energy of vibrated concretes containing coarse RCA [6, 19, 20] . Even less knowledge exists for SCCs, with little or no research currently available exploring the fracture energy implications of RCA use in SCCs, which have different ITZ characteristics and mix compositions to normal vibrated concretes [21, 22] . The work in this paper seeks to address this important gap in the existing literature by exploring the fracture energy of SCCs with natural coarse aggregate replaced with RCA at levels of 0% (control), 25%, 50%, 75%, and 100%. SCC strength characteristics are also examined at each of the RCA utilisation levels to enhance understanding of the effect of RCA on these properties. C 1240-11 [24] , respectively. The recycled aggregate used was a crushed and unwashed recycled concrete aggregate, with a nominal size of 10 mm sourced from a construction and demolition waste recycling facility. The coarse natural aggregate consisted of crushed granite with a nominal size of 10 mm. Table 1 presents the water absorption (24 hours) and density of the natural and recycled coarse aggregates. The fine aggregate used in the study was river sand, with a fineness modulus of 2.65. The particle size distributions of all the aggregates used were in accordance with the requirements of EN 12620:2002A [25] .
Materials and Methods
As mentioned in the previous section, five different SCC mixes were examined herein, with percentages of substitution of natural coarse aggregates with RCA of 0%, 25%, 50%, 75%, and 100%. Mix design details (based on aggregates being in the saturated surface dry condition) for each of these five mixes are presented in Table 2 . The water/binder (w/b) ratio and superplasticizer dosage were the same for the five mixes examined. For the experimental programme described in this paper, the natural and recycled coarse aggregates were immersed in water for 24 hours and left for 1 hour in air before concrete mixing to reach surface dry condition.
Test Methods and Sample Preparations

Fresh Concrete Tests.
The three tests used to investigate the fresh properties of the SCCs were the slump flow test, the L-box test, and the sieve segregation test, as shown in Figure 1 . These three tests assess the primary characteristics of fresh SCC. The slump flow test and 500 time evaluate the flowability and viscosity of a SCC in the absence of any obstruction, respectively [26] . The slump flow diameter (Figure 1(a) ) is the measurement required for all SCC in accordance with EN 206-9:2010 [12] . The Eurocode states that SCC should have a slump flow value of between 550 mm and 850 mm, while 500 times less than two seconds result in VS1 classification, while 500 times greater than or equal to two seconds result in a VS2 classification.
The L-box test, as shown in Figure 1 (b), was performed in accordance with EN 12350-12350-10 [27] . This test is used to assess the passing ability of SCC. EN 206-9:2010 (2010) states that for an L-box with three reinforcement bars the blocking ratio ( value) should be greater than or equal to 0.80 [12] . The final workability test, the sieve segregation test (shown in Figure 1 (c)), was performed in accordance with EN 12350-11:2010 [28] . The test examines resistance of SCC to segregation by measuring the mass of fresh concrete which passes through a 5 mm sieve, when poured from a height of 50 cm ± 5 cm. EN 206-9:2010 states that the percentage passing the sieve ( ) should be less than 20% [12] . The slump flow test and L-box test were carried out at two different times for each of the SCC mixes. The first set of tests were performed directly after mixing, while the second set of tests were carried out 1 hour after mixing to evaluate any changes in the workability of the SCC over time. During the 1-hour rest period, the concrete mixture was not agitated, but the mixture was remixed for about 1 min using the initial mixing speed before the second measurements were performed.
Hardened Concrete Tests.
Standard concrete specimens were cast to study the strength properties (compressive strength, , tensile strength, , and elastic modulus, ) according to the relevant British and European standards [29] [30] [31] . Notched concrete beams with the dimensions 75 × 75 × 250 mm were used to study the fracture properties according to RILEM recommendations [32] . The bending tests were conducted using a servo-controlled MTS universal testing machine. Before testing the beam samples, a notch 20 mm in depth and 2 mm in thickness was saw-cut at the midsection of each beam. The test setup, including details of the notched beam, is shown in Figure 2 . During the test, the crack mouth opening displacement (CMOD) was measured using a clip gauge clipped to the bottom of the beam and held in position by two steel knife edges glued to the specimen. The displacement rate was controlled at a suitable rate until the specimens failed.
The determination of the fracture energy ( ) was based on load-deflection measurements in accordance with the RILEM standard [32] as given by
where 0 is the area under the load-deflection curve, 0 is the deflection when the load is zero, is the gravity factor, is mass of beam, is width of beam, is depth of beam, and 0 is the notch depth of the beam. In order to acquire stable crack propagation in the beam during the postpeak response, the use of load-crack mouth opening displacements (load-CMOD) for evaluation of the fracture energy of concrete was suggested [33, 34] . To account for the difference in the fracture energy between load-deflection and load-CMOD variations, a correction factor was adopted by Navalurkar et al. (1999) [34] . This approach was used herein with a correction factor of 0.800 as appropriate for a notch depth ratio, 0 / = 0.25, and span-to-depth ratio = 2.7. The characteristic length ( ch ) proposed by Hillerborg [35] in the fictitious crack model is often used to characterise the brittleness of concrete and is given by
As stated by Zhou et al. [36] , the smaller the value of ch , the more brittle the material. It has also been found, however, that the value of characteristic length is reduced as the compressive strength increases, leading to the development of a modified form of the characteristic length ( ch,mod ) as follows [33] :
The characteristic length is calculated herein in accordance with the work of Rao and Prasad [33] using (3) . It is noted that the Hillerborg method (also known as the workof-fracture method) presented in (1) to (3) has a number of limitations. The most notable of these is the size dependency of the method, with previous researchers finding that fracture energy increases with test beam size [17, 18] . However, as outlined in Section 1 the purpose of the study herein is to investigate the relative performance of a control SCC and SCCs with RCA utilised at various natural coarse aggregate replacement levels. Thus the absolute values of or ch,mod are not of primary concern but rather the relative values obtained for the different SCCs. Thus, a single beam size was used for all test specimens herein, and the fracture energy results are presented in Section 3 of this paper in terms of the performance of the RCA SCCs relative to the control SCC (0% RCA).
Results and Discussion
Fresh Concrete Properties
3.1.1. Water Absorption of RCA. As can be seen in Table 1 , the increased porosity of RCA, when compared to natural aggregates, results in a greater water absorption capacity in the RCA. This enhances the potential for water interchange with the surrounding paste in the RCA concretes, meaning RCA particles can have a greater role in absorbing water from or providing water to the SCC mortar. As stated by Casuccio et al. [6] this is an unwanted source of variation when comparing RCA concretes and concretes containing only natural aggregates, as RCA used in the dry condition may absorb some water from the mortar phase, and RCA used in the saturated phase may slightly increase water content.
Fresh Concrete Test Results.
The test results of slump flow, blocking ratio, and sieve segregation for the control SCC and the SCCs with various levels of RCA utilisation are presented in Table 3 and illustrated in Figures 3-5 , respectively. Firstly, considering the slump flow test results, displayed graphically, it is noted from Figure 3 that the initial measurements indicated that the addition of RCA up to 100% did not impact upon slump flow diameter; however, the 500 times increased with increasing RCA content. This result indicates similar flowability across all SCCs but increased viscosity with increasing RCA content. A similar pattern was observed in the slump flow tests conducted one hour after concrete mixing; however the 500 times experienced a greater percentage increase with increasing RCA content; that is, from control to 100% RCA 500 increases by 48% at initial measurement and 94% after 1 hour (see Table 3 ). The onehour slump flow diameter for the 100% RCA is also notably smaller than the control SCC. The increase in viscosity with increasing RCA content may be due to the angular shape of the RCA, while it is possible that the time dependent change in the slump flow results was caused by continued water absorption of the recycled aggregate, despite having been presoaked and dried for one hour before use. As seen in Table 1 the RCA had approximately seven times more absorption capacity than the natural aggregates, meaning 6 Advances in Materials Science and Engineering even though both aggregate types were soaked for 24 hours and subsequently dried for 1 hour, the RCAs are likely to have had a greater capacity to absorb free water after this process.
The results of the L-box test are presented in Figure 4 . As stated in the previous section this test measures the passing ability of the SCC, thus quantifying the suitability of the SCC for use in a member with congested reinforcement. From the figure it is clear that the replacement of natural coarse aggregates with coarse RCA has little impact on the initial blocking ratios, with only a very slight reduction in 0 observed for the 75% and 100% RCA utilisation levels. However, for the L-box test carried out one hour after mixing, the difference between the control SCC and the SCCs containing 75% RCA and 100% RCA increases. For this test the reductions in the blocking ratio observed, when compared to the control SCC, are approximately 8% and 10% for the 75% and 100% RCA SCCs, respectively (see Table 3 ). This results in the SCC containing 100% RCA being only just inside the EN206-9:2010 [12] , SCC passing ability tolerance of 0.80. As with the slump flow test results, this time dependent change in blocking ratio at the higher levels of RCA utilisation may have been caused by continued absorption of free water by the RCA after concrete mixing. Examining Figure 5 , it can be seen that the segregation resistance of the SCCs increased with increasing RCA content. Again this is likely to be due to the higher water absorption capacity of the recycled concrete aggregates. All the SCCs were deemed appropriate in accordance with EN206-9:2010 [12] , with each SCC mix falling into the sieve segregation resistance class SR2 (segregation portion ≤ 15%).
Strength Properties.
The test results for concrete compressive strength, splitting tensile strength, and the static modulus of elasticity are presented in Table 4 . Figure 6 facilitates the easy comparison of the control mix results and the RCA mixes results, by presenting the RCA SCC strength properties relative to the control SCC properties. Taking the RCA25 mix as an example, the compressive strength value of RCA25 was 7% greater than the compressive strength of the control mix, that is, relative compressive strength performance of 107%. Thus the RCA25 compressive strength bar in Figure 6 lies above the 100% line, representing a higher compressive strength than the control SCC.
Considering the compressive strength results from Figure 6 it is noted that the replacement of conventional aggregates with recycled concrete at percentages of 25% and 50% actually increased the compressive strength by 7% and 10%, respectively. At the 75% replacement rate the compressive strength was found to be almost exactly equal to the control concrete, while 100% replacement with recycled aggregate resulted in a drop in compressive strength of 10%. Tuyan et al. [3] obtained similar findings when comparing SCC concretes containing 20%, 40%, and 60% RCA for a concrete with a w/b ratio of 0.43. These authors found the change in compressive strength to be +5%, +9%, and −2% for 20%, 40%, and 60% replacement, respectively. In an examination of high performance vibrated concretes Andreu and Miren [37] identified similar trends, although the changes for the vibrated concretes examined in the Andreu and Miren study were generally smaller. There are a number of possible reasons for the increase in compressive strength with addition of RCA up to 50%. Hoffmann et al. [38] and Tuyan et al. [3] have both highlighted the fact that the increased surface roughness of recycled aggregates can increase cement aggregate bond. The role of the differing water absorption coefficients in recycled aggregates and conventional aggregates is also likely to have some influence. As shown herein and in other published studies, RCAs have a higher water absorption capacity than natural aggregates [4] . This increased water absorption may reduce the w/c ratio in the ITZ, increasing the strength of the cement paste in improving the bond between aggregates and cement paste [37, 39] . However, as pointed out by Tu et al. [4] , if too much water is absorbed insufficient water content and poor hydration will reduce strength development in the concrete. This optimal water content balance is a possible explanation for the increase in compressive strength up to 50% RCA level, followed by the decrease in compressive strength from 50% RCA to 100% RCA, where w/b ratio remains constant at 0.35, regardless of RCA content. It is however also noted that the decrease in compressive strength 8 Advances in Materials Science and Engineering Notes: = compressive strength; = splitting tensile strength; = modulus of elasticity; = fracture energy; ch,mod = modified characteristic length.
even at 100% replacement with RCA was found to be less than 10%, indicating the suitability of RCA utilisation. Authors examining conventional vibrated concretes have identified greater reductions in compressive strength when 100% RCA is used at replacement level; however as pointed out by Tuyan et al. [3] , SCCs are likely to experience a reduced effect of addition of RCA due to the reduced content of coarse aggregates in SCC mixes (which typically have an aggregate content comprising more than 50% fines).
The tensile strength results in Figure 6 exhibit a somewhat similar pattern to the compressive strength results, with the tensile strength initially increasing at the lower levels of RCA utilisation, followed by a decrease in strength beyond 50% RCA content. The tensile strength for the 25% RCA replacement is almost 20% greater than the control SCC. More subtle changes in tensile strength occur when the RCA content is greater than 25%. In similar tests Grdic et al. [15] found that the tensile strength for SCCs with 50% RCA and 100% RCA coarse aggregates resulted in approximate reductions in tensile strength of 2.5% and 14%, respectively, when compared to a control mix. Tuyan et al. [3] found that the splitting tensile strength reduced for 20%, 40%, and 60% RCA by 8.8%, 11.1%, and 16%, respectively, owing to the higher porosity and lower specific gravity of the RCA when compared to the natural aggregates. It should be noted however that, in contrast to the tests carried out herein, both Grdic et al. [15] and Tuyan et al. [3] increased water content in mix designs with increasing RCA content. Andreu and Miren [37] did not increase water content with increasing RCA content in their study of vibrated concretes containing RCA. These authors found that the use of 20% RCA increased the splitting tensile strength by between approximately 3% and 22%, a finding consistent with the results obtained herein.
Finally in terms of Figure 6 , it is clear that the use of RCA at any replacement level resulted in a reduction in modulus of elasticity. The reduction in modulus of elasticity increases with increasing RCA content to a maximum of 22.2% for the 100% RCA concrete. The reduction for the 75% RCA mix is also substantial at 9.5%. As pointed out by Andreu and Miren [37] , who obtained similar results for vibrated concretes containing RCA, such reductions are to be expected given that the modulus of elasticity of concrete is related to the modulus of elasticity of the coarse aggregate [40] , with studies indicating that the modulus of elasticity is proportional to the square root of the aggregate density [41] .
Overall considering the three strength property tests, the experimental programme indicated that the use of RCA in proportions of 25% to 50% does not negatively impact upon the compressive and tensile strength of SCC. In fact, even up to the 100% RCA utilisation level, reductions in these parameters were less than 10% when compared to the control SCC. However, reductions in Young's modulus increased with increasing RCA utilisation across all SCCs, with the modulus of elasticity for the 100% RCA SCC 22% less than the control SCC, highlighting an issue relating to the brittleness of SCCs constructed entirely with RCA.
Fracture Properties.
The fracture properties for the control concrete and the concrete mixes containing RCAs are presented in Table 5 . As in the previous section, graphical presentation of the results is in the form of relative performance, with the fracture properties of the mixes containing RCA plotted, relative to the values for the control SCC. This facilitates easy visual comparison of the performance of RCA SCC mixes and the control SCC mix. Figure 7 presents the change in fracture energy with increasing RCA content.
As can be seen from the plot the fracture energy in the concrete was found to be relatively unaffected by the utilisation of 25% and 50% RCA, with these mixes having 96.7% and 96.4% of the control concrete value, respectively. However, a sudden reduction in fracture energy occurs at the 75% RCA utilisation level, with 75% RCA mix and the 100% RCA mix both resulting in a 26% reduction in fracture energy. As discussed in Section 1, there is little or no existing literature examining fracture energy of SCC with RCAs. There are however a limited number of studies which explore fracture energy of traditional vibrated concretes containing RCA, while a number of these studies consider only 0% RCA (control) or 100% RCA [6, 20] . Bordelon et al. [19] examined a control concrete, a 50% RCA concrete, and a 100% concrete. In a similar pattern to the results obtained herein, Bordelon et al. found that, at the 50% replacement level, fracture energy was 98.8% of the control concrete; however for the 100% RCA vibrated concrete the fracture energy reduced by 35%. It is possible that the pattern of maintained fracture energy up to 50% RCA followed by stark reduction at RCA levels greater than 50% could be due to a balance of aggregate strength and aggregate bond. As discussed in the previous section aggregate-cement paste bond can be increased due to utilisation of RCA [3, 38] ; however as pointed out by Butler et al. [20] and Darwin et al. [42] , it is generally found that as aggregate strength decreases, fracture energy decreases. Thus, if a large portion of the total coarse aggregate volume comprises the weaker RCA (in comparison with natural granite aggregate) one might expect the fracture energy to reduce substantially. The fact that this does not occur until beyond the 50% RCA utilisation level in SCC examined herein is, however, an interesting experimental finding. Figure 8 presents the change in characteristic length, ch,mod , with increasing RCA content. As stated in Section 2, ch,mod parameter is a measure of brittleness derived from fracture energy, modulus of elasticity, compressive strength, and tensile strength. As can be seen from the plot the utilisation of RCA at all levels results in a notable reduction in characteristic length (increased brittleness), with relative ch,mod values of 81.8% to 68.0% obtained for the RCA concretes. This is primarily due to the decrease in modulus of elasticity experienced in concretes containing RCA (discussed previously in the context of Figure 6 ). The low relative ch,mod value for the 25% RCA mix is due to the nature of (3) and the 25% RCA mix having higher and values than the control concrete, as discussed in the previous section. Again, due to a lack of existing research in this area it is not possible to compare these findings to other studies examining SCC containing RCAs; however, Casuccio et al. [6] did obtain characteristic length values for a range of vibrated concretes containing RCAs. These authors found that when compared to a control concrete, incorporation of 100% RCA across three concrete strength groups resulted in reductions in characteristic length of between 0% and 36% with an average reduction of 17%. This is in reasonable agreement with the study of SCCs and RCA herein which indicated that the use of RCAs brings about a notably more brittle concrete, with changes of 19% to 32% in characteristic length observed.
Conclusions
The work presented in this paper builds on the existing SCC literature by investigating the effect of incorporating various levels of RCA on workability, strength characteristics, and most importantly fracture properties. The workability tests revealed that the viscosity of the SCCs increased with increasing RCA content, as did sieve segregation resistance. The passing ability of the SCC was found to notably reduce for RCA utilisation greater than 50%; however, the 75% RCA and 100% RCA SCCs were still within allowable passing ability limits. Experimental investigation into the strength characteristics of the SCCs, namely, , , and , indicated that the use of coarse RCA in proportions of 25% to 75% did not notably impact upon the strength of SCC. However, the modulus of elasticity for the 100% RCA SCC was found to be notably reduced when compared to the control SCC, highlighting a possible issue with brittleness of SCCs constructed entirely with RCA.
The fracture energy was found to remain relatively constant from control SCC to 25% RCA SCC to 50% RCA. However, a significant reduction in fracture energy was observed for the 75% RCA and 100% RCA utilisation levels. This sudden reduction in the fracture energy beyond the 50% RCA utilisation is an interesting finding in the context of the lack of information in the literature in this area. Overall the experimental test results obtained herein indicate that the environmental and economic aspects of SCC could be improved, without impact upon workability, strength characteristics, or fracture properties, through utilisation of 25 to 50% RCA. However, even at this lower level of replacement, some increase in concrete brittleness is likely to occur.
